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Summary (178 words)
Although metabolic pathways and associated enzymes of anaerobic ammonium oxidation (anammox) of "Ca. Kuenenia stuttgartiensis" have been studied, those of other anammox bacteria are still poorly understood. NO 2 -reduction to NO is considered to be the first step in the anammox metabolism of "Ca. K. stuttgartiensis", however, "Ca. Brocadia" lacks the genes that encode canonical NO-forming nitrite reductases (NirS or NirK) in its genome, which is different from "Ca. K. stuttgartiensis".
Here, we studied the anammox metabolism of "Ca. 
Introduction
Anaerobic ammonium oxidation (anammox) is a microbial process in which NH 4 + and NO 2 -are directly converted to N 2 gas via N 2 H 4 (de Almeida et al., 2011; . The proposed biochemical pathway of the anammox process is as follows:
first, NO 2 -is reduced to nitric oxide (NO) by either cytochrome cd 1 -type or copper-containing nitrite reductase (NirS and NirK, respectively) (Strous et al., 2006; Hira et al., 2012) ; then, the produced NO is reduced to hydroxylamine (NH 2 OH) and coupled with NH 3 to form hydrazine (N 2 H 4 ) by hydrazine synthase (Hzs) (Dietl et al., 2015; ; and finally, the N 2 H 4 is oxidised to N 2 gas by hydrazine dehydrogenase (Hdh) (Shimamura et al., 2007; . The anammox process has been demonstrated in bacteria affiliated with the order Brocadiales. So far, five candidate genera have been proposed: "Ca. Kuenenia", "Ca. Brocadia", "Ca.
Anammoxoglobus", "Ca. Jettenia" and "Ca. Scalindua" (Strous et al., 1999a; Jetten et al., 2009) . Anammox bacteria are ubiquitously distributed in natural and engineered anoxic ecosystems including freshwater, brackish water, marine and terrestrial ecosystems, in which the anammox bacteria contribute to significant nitrogen losses (Brandes et al., 2007; Hu et al., 2011; Lam et al., 2009; Long et al., 2013) .
Several draft genome sequences have been determined for anammox bacteria affiliated with "Ca. Kuenenia" (Strous et al., 2006; Speth et al., 2012) , "Ca. Brocadia" (Gori et al., 2011; Oshiki et al., 2015) , "Ca. Jettenia" (Hira et al., 2012; Hu et al., 2012) , and "Ca. Scalindua" (van de Vossenberg et al., 2013; Speth et al., 2015) . Genes responsible for the anammox process have been identified from these genome sequences. Comparative genomic analysis has indicated that core gene sets including hdh and hzs are conserved in all the anammox bacterial genomes. On the other hand, 4 genus-specific distribution of genes encoding nitrite reductase has also been described;
i.e., "Ca. Kuenenia" and "Ca. Scalindua" encode nirS, whereas "Ca. Jettenia" encodes nirK. Intriguingly, both nirS and nirK were not found in the "Ca. Brocadia sinica" and "Ca. Brocadia fulgida" genomes composed of 3 and 2,786 contigs, respectively
(threshold e values for blastn and blastp searches were e -10 and e -15
, respectively) (Gori et al., 2011; Oshiki et al., 2015) . The absence of canonical NO-forming nitrite reductases was further confirmed by PCR detection of nirS and nirK (Supplementary text),
suggesting the involvement of novel nitrite reductase(s) in NO 2 -reduction by "Ca.
Brocadia". Thus, it is speculated that the biochemical pathway for NO 2 -reaction and the downstream reaction (i.e., N 2 H 4 synthesis) in "Ca. Brocadia" is different from the proposed one in "Ca. Kuenenia".
Here, we investigated the biochemical pathways of anammox process (i.e., NO 2 -reduction, N 2 H 4 synthesis and N 2 H 4 oxidation) of "Ca. B. sinica" using a 15 N-tracer technique. The distinct features of "Ca. B. sinica" biochemistry were found as follows: with acetone (Peng et al., 1999) . Two molecular ion peaks were detected at m/z = 73 and 74, respectively, for the culture samples (Fig. 1a) , whereas only a single ion peak was detected at m/z = 73 for a pure 14 NH 2 OH solution (data not shown). This result indicates that the ion peak at m/z = 74 represents the presence of 15 NH 2 OH.
In the anoxic incubations, acetylene inhibited the production of 14-15 N 2 (> 90%), resulting in the accumulation of 15 NH 2 OH without delay (Fig. 1b) .
Approximately one-fifth of the reduced 15 NO 2 -was detected as 15 NH 2 OH during the 30 min of incubation with no accumulation of 15 NO (detection limit; < 5 ppm and < 3 nM in gas and liquid phase, respectively). synthesis. To examine substrates for N 2 H 4 synthesis, "Ca. B. sinica" Hzs was purified from cell-free extracts by liquid chromatography, and the purified protein fraction was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Three protein bands appeared on the PAGE gel (i.e., B1, B2 and B3 in Fig. 2a ), and were identified to be α, β and γ subunits of Hzs by nanoscale liquid chromatography tandem mass chromatography (nanoLC/MS/MS) analysis after in-gel tryptic digestion (Table S1 ).
The purified "Ca. B. sinica" Hzs was anoxically incubated with 14 NH 2 OH (1 mM), 15 NH 4 + (1 mM) and cytochrome c (50 µM, equine heart), resulting in significant production of 14-15 N 2 (Fig. 2b) . The same incubation was repeated without addition of the cytochrome c. As a result, N 2 H 4 accumulated up to 0.086 mM at the end of the incubation (data not shown). This result indicated that "Ca. , which was comparable with that of "Ca. Kuenenia stuttgartiensis" Hzs;
i.e., 34 nmol-N mg-protein -1 h -1 .
The utilization of NO by "Ca. B. sinica" Hzs was also examined by supplementing "Ca. B. sinica" Hdh (4.7 µg) that oxidizes N 2 H 4 to N 2 , 14-14 N 2 H 4 (5 µM), and the cytochrome c to the assay buffer as previously described . In this combined assay, electrons required for reduction of NO to NH 2 OH (i.e., 3 e -were required) could be provided from 14-14 N 2 H 4 oxidation to N 2 catalyzed by Hdh via cytochrome c. For the NO assay, "Ca. B. sinica" Hdh was partially purified from cell-free extracts by liquid chromatography (Fig. S1a) . The collected protein fraction gave UV-VIS spectra of anammox bacterial Hdh as previously described (Shimamura et al., 2007) (Fig. S1b and c (Fig. 3a) . Isotopomer of the produced N 2 H 4 was analysed by GC/MS after derivatization using pentafluorobenzaldehyde (Preece et al., 1992) . The N 2 H 4 derivatives in culture samples gave molecular ion peaks at m/z = 389 and 390 (Fig. 3b) (Fig. S2) ; supporting the substrate specificity of "Ca. B. sinica" Hzs as previously described.
Utilization of NO by "Ca. B. sinica" was further examined by incubating the cells with 15 NH 4 + (2.5 mM), 14 NO 2 -(2.5 mM) and a NO-scavenger, 2-(4-carboxyphenyl)-4, 4, 5, 5-tetramethylimidazoline-1-oxyl-3-oxide (carboxy-PTIO) (2.5 mM). Carboxy-PTIO did not inhibit 14-15 N 2 production by "Ca. B. sinica" (Fig. 4a) , but inhibited the 14-15 N 2 production by "Ca. Scalindua japonica" that encodes nirS
(Supplementary text 1) (Fig. 4b) . (Fig. 3a, b) (Fig. 3a) (Shimamura et al., 2007; Maalcke et al., 2014) . No inhibition of 14-15 N 2 production by a NO scavenger, carboxy-PTIO, further supported that "Ca. B. sinica" cannot utilize NO for N 2 H 4 synthesis.
The substrate of "Ca. B. sinica" Hzs was distinct from that of "Ca. K.
stuttgartiensis" (sequence similarity to "Ca. B. sinica" HzsBGA; 79, 86 and 82%, respectively) . However, the recent crystallography study of "Ca. K.
sutttgartiensis" Hzs suggested that N 2 H 4 synthesis is a two-step reaction; 1) NO reduction to NH 2 OH and 2) subsequent condensation of NH 2 OH and NH 3 (Dietl et al., 2015) . Taken together, both the "Ca. B. sinica" and "Ca. K. stuttgartiensis" Hzs could utilize NH 2 OH as a substrate for N 2 H 4 synthesis, while NH 2 OH was supplied in different manners; i.e., "Ca. B. sinica" cells directly reduced NO 2 -to NH 2 OH, while "Ca. K. stuttgartiensis" nirS reduced NO 2 -to NO and the formed NO is further reduced to NH 2 OH by "Ca. K. stuttgartiensis" Hzs (Dietl et al., 2015) .
It is a subject of great interest to identify an as yet unidentified nitrite (Simon, 2002; Corker & Poole, 2003) , in which NH 2 OH is transiently formed as a result of a four-electron reduction (Berks et al., 1995) . On the other hand, a canonical NO-forming nitrite reductase performs a one-electron reduction of NO 2 -to NO (N oxidation state; from +3 to +2), in which NH 2 OH (-1) cannot be formed. Notably, NrfA has evolved to an octahaem cytochrome c protein (Hao) (Bergmann et al., 2005; Klotz et al., 2008; Klotz & Stein, 2008; Kozlowski et al., 2014; Poret-Peterson et al., 2008) , and octahaem cytochrome c nitrite reductase (designated as Hao-like protein here) that can reduce NO 2 -to NH 2 OH using electrons shuttled from quinone pools by a membrane-anchored cytochrome c protein appeared during the evolution (Campbell et al., 2009; Hanson et al., 2013) . Thus, Hao-like proteins are the most likely candidate enzymes catalysing NO 2 -reduction to NH 2 OH in "Ca. B. sinica" as predicted from genomic studies of "Ca. K. stuttgartiensis" and "Ca. S. profunda" (Kartal et al., 2013; van de Vossenberg et al., 2013) . Hao-like protein lacks the tyrosine residue needed for crosslinking of catalytic haem 4 (i.e. Y 467 of Nitrosomonas europaea Hao) (Igarashi et al., 1997; Cederval et al., 2013) , and the genes encoding Hao-like protein without Y 467 residue were found from ten copies of the hao/hdh located in the "Ca. B. sinica" genome (Oshiki et al., 2015) ; i.e., the brosi_A0131, brosi_A0501, brosi_A3534, and borsi_A3864 genes (Fig. S3) . Furthermore, a gene cluster encoding the bc 1 protein complex including a hexahaem cytochrome c protein was located upstream of the brosi_A0501 gene; i.e. the brosi_A0502 to brosi_A0506 genes. These proteins could be 12 involved in electron transfer from the quinone pool to the brosi_A0501 protein. It would be interesting to investigate the function of the brosi_A0501 protein in NO 2 -reduction in "Ca. B. sinica" cells.
In conclusion, the present study demonstrated a NH 2 OH-mediating anammox process of "Ca. B. sinica", which is distinct from the previously proposed NO-mediating one of "Ca. K. stuttgartiensis". "Ca. equipped with a hollow fibre membrane module (pore size 0.1 µm, polyethylene) as previously described (Oshiki et al., 2013a) . "Ca. B. sinica" cells accounted for more than 94% of the total biomass as determined by fluorescence in-situ hybridisation (FISH) analysis using the oligonucleotide probes AMX820 (Schmid et al., 2001) and EUBmix composed of equimolar EUB338, EUB338II, and EUB338III (Daims et al., 1999) . A monospecies of "Ca. B. sinica" in the culture was confirmed by determining the 16S rRNA gene sequence of cells in the enrichment culture. analysis. Proteins were separated on a 9 or 8% SDS-containing polyacrylamide gel, respectively, and stained with CBB protein safe stain (Takarabio, Shiga, Japan) following the instruction manual supplied by manufactures.
Identification of Hzs was conducted by excising protein bands at 85, 45 and 36 kDa from the gel and subjected to nanoLC/MS/MS analysis after in-gel tryptic digestion (Kasahara et al., 2012) . Peptide mass fingerprints were analysed using the MASCOT search program version 2.3.01 (Perkins et al., 1999) . The amino acid sequences of genes located in the "Ca. B. sinica" genome (accession number: et al., 2015) were used as the reference database.
Activity of Hdh was examined as previously described (Shimamura et al., 2007) . One ml of 100 mM PO 4 buffer (pH8) containing 2.5 µg "Ca. B. sinica" Hdh, 50
µM cytochrome c (ε 550 = 19.6 mM -1 cm -1 ), and 25 µM 14-14 N 2 H 4 or 500 µM 14 NH 2 OH was dispensed into 1.8-ml glass vials, and incubated in the anaerobic chamber at 20 o C.
After 5 min of the incubation, absorbance at a wavelength of 540 nm was determined.
Activity tests. Standard anaerobic techniques were employed in an anaerobic chamber where oxygen concentration was maintained at lower than 1 ppm (Oshiki et al., 2013b) .
Anoxic buffers and stock solutions were prepared by repeatedly vacuuming and purging Federation, 2012) . Samples were mixed with 4.9 mM naphthylethylenediamine solution, and the absorbance was measured at a wavelength of 540 nm.
NH 2 OH concentrations were determined colorimetrically (Frear & Burrell, 1955) . Samples were mixed with 0.48% (w/v) trichloroacetic acid, 0.2% (w/v) 8-hydroxyquinoline and 0.2 M Na 2 CO 3 , heated at 100°C for 1 min, and the absorbance was measured at a wavelength of 705 nm. 15 NH 2 OH concentrations were determined by GC/MS analysis after derivatisation using acetone (Peng et al., 1999) . One-hundred microliter of liquid sample was mixed vigorously with 4 µl of acetone, and 2 µl of the derivatised sample was injected into a gas chromatograph GCMS-QP 2010SE equipped with a CP-Pora BOND Q fused silica capillary column in a splitless mode. Samples were mixed with 0.12 M 4-dimethylaminobenzaldehyde, and the absorbance was measured at a wavelength of 460 nm. Stable isotopic composition of N 2 H 4 was examined by GC/MS after derivatisation using pentafluorobenzaldehyde (Preece et al., 1992) . Two-hundred microliters of liquid sample was mixed with 2 µL of thiosulfate (1 mg ml -1 ), 0.2 µl of 14.8 M phosphoric acid and 20 µl of pentafluorobenzaldehyde (1%, w/v), and then incubated for 16 h at room temperature. After hexane extraction, organic phase (2 µl) was injected into a gas chromatograph GCMS-QP 2010SE equipped with a HP-5MS capillary column (Agilent Technologies, Santa Clara, CA, USA) in a splitless mode. Mass spectra were scanned from 10 to 400 m/z.
NO concentration in liquid phase was determined by myoglobin absorbance measurement (detection limit; 20 µM) (Hogg & Kalyanaraman, 1998) and by using a NO-sensitive microsensor (NO-100, detection limit; 3 nM) (Unisense science, Aarhus, Denmark). Determination of NO concentration by myoglobin absorbance measurement 18 was performed as previously described (Hogg & Kalyanaraman, 1998) . Briefly, myoglobin from equine heart (Sigma-Aldrich, St. Louis, MO, USA) reduced with sodium dithionite was titrated with 25 µl of the sample in a sealable 3-ml glass cuvette.
Absorbance was determined at a wavelength of 580 nm and NO concentration was calculated by using a titration curve prepared by using an NO-saturated aqueous solution and 10,300 M -1 cm -1 of molecular extinction coefficient. Conditioning, calibration, and measurement using the NO-sensitive microsensor were performed according to the manufacturer's instruction. The vials were uncapped in the anaerobic chamber and tip of the microsensor was dipped into the liquid culture. Three prominent protein bands (i.e., B1, B2 and B3) appeared at 85, 45 and 36 kDa, respectively. The protein bands were excised and subjected to peptide mass fingerprint min of incubation was derivatised using pentafluorobenzaldehyde and analysed by gas chromatography mass spectrometry (GC/MS). The 30-ml cell suspension containing 15 NH 2 OH (1.5 mM) was anoxically incubated in 
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Descriptions of supporting MS-word text files
Supplementary text: PCR detection of nirS and nirK from "Candidatus Brocadia sinica" genome. Soret, β-band, and α-band peaks at 420, 524, and 553 nm, respectively, and an additional peak at 472 nm. These peaks were previously reported for "Ca. Jettenia caeni" Hdh by Shimamura et al. (2007) . hdh (Shimamura et al., 2007; . The brosi_A2677 gene is an orthologue of the kustc1061 and KSU1_D0438 genes. The enzymes encoded by these genes catalyse the oxidation of NH 2 OH to NO (Schalk et al., 2001; Shimamura et al., 2008; . Arrows indicate cleavage sites of signal peptides predicted by the SignalP program (version 4.1). Scale represents 100 amino acid (AA) residues.
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Supporting Table legends   Table S1 . Protein identification by nanoscale liquid chromatography tandem mass chromatography (nanoLC/MS/MS) analysis: Proteins in the protein bands B1, B2 and B3 (Fig. 2a) were identified by nanoLC/MS/MS analysis after in-gel tryptic digestion.
Score: the sum of the scores of the individual peptides, Coverage; percentage of the specific protein sequence covered by identified peptides, # Unique Peptides; number of peptides that are unique to a protein group, MW; expected molecular weight without signal peptide sequences that were predicted by the SignalP 4.1 server. The "Candidatus
Brocadia sinica" genome encodes two copies of hzsBGA (i.e., the brosi_A0629 to brosi_A0631 and the brosi_A2674 to brosi_A2676 genes). Because protein sequences of the two copies of hzsBGA were identical, those could not be distinguished by peptide mass fingerprinting. 
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